Introduction
============

Atherosclerosis (AS), which is characterized by intima-based lipid accumulation, extracellular matrix accumulation, fibrosis and calcification, and the involvement of artery media, is the most common and significant pattern in arteriosclerosis ([@B01]). The main arteries involved in AS are the large and medium elastic muscular arteries, such as the aorta and coronary and cerebral arteries. Complications include occlusion, rupture, and hemorrhage ([@B02],[@B03]). AS that involves the coronary artery is called coronary atherosclerosis, which is the most common coronary artery disease. The reason that frequently involved lesions locate in the proximal part of coronary artery is because of closer proximity to the ventricle than other arteries and therefore it is burdened with the greatest systolic pressure ([@B04]). In addition, the orientation of the coronary artery changes due to the structure of the heart, so the coronary artery is burdened with the high shear stress of blood flow.

The mechanism underlying acute coronary syndrome (ACS) involves rupture of atherosclerotic plaques, platelet aggregation, and thrombosis ([@B05],[@B06]). Several investigations have demonstrated that the pivotal link in the pathogenesis of AS is migration of monocytes into the intima and ultimately into foam cells. Also, the migration of leukocytes is regulated by chemokines. It is suggested that monocyte chemoattractant protein-1 (MCP-1), regulated on activation normal T-cell expressed and secreted (RANTES), and fractalkine secreted by vascular endothelial cells, smooth muscle cells, and platelets, etc., are closely associated with the initiation and progression of AS ([@B07]).

The present study aimed to investigate the role of monocyte chemokines in atherosclerotic plaque and the underlying molecular mechanism by comparing the expression of MCP-1, RANTES, and fractalkine in a stable angina pectoris (SAP) group with an unstable angina pectoris (UAP) group.

Patients and Methods
====================

Patients
--------

We studied 120 hospitalized patients with coronary artery disease (72 males and 48 females aged 48.5±9.8 years). Patients were assigned to 2 groups according to symptoms and diagnostic standards of the American Heart Association, namely 60 cases to the stable angina pectoris (SAP) group and 60 cases to the unstable angina pectoris (UAP) group. Coronary angiography (CAG) and intravascular ultrasound (IVUS) were performed in all patients. Patients with infectious diseases, tumors, and connective tissue diseases were excluded according to history, visible signs, and laboratory examination. All patients agreed to participate in this study and gave written informed consent. The protocol was approved by the Ethics Committee of Zhongshan University.

Blood specimen collection
-------------------------

Fasting blood samples from SAP patients were collected in the morning. The blood samples from UAP patients were collected once admitted to hospital. Under aseptic conditions, 10 mL of blood was collected from cubital veins as follows: 5 mL of blood was centrifuged for 15 min at about 300 *g* and the serum preserved at -70°C under refrigeration; and 5 mL of blood was used to extract monocytes.

CAG and IVUS examination
------------------------

A cardiovascular imaging instrument (Labnet Co., USA) was utilized to confirm the narrow lesions. After CAG, an IVUS instrument (Heraeus Co., Germany) was employed to examine the lesions. The IVUS probe was 3.2 F, 40 MHz. A guide wire (0.015 inch) was directed to the pathological vessels. After injecting 0.2 mg nitroglycerin into the coronary artery, the IVUS probe was inserted along the guide wire through the narrow lesions and into the distal part of the artery. The probe was then withdrawn at 0.3 mm/s, the proximal and distal images of the plaque were marked, and a video was recorded for analysis. The lesion and reference sites, located 8 mm away from the proximal and distal pathological parts, were examined in the same artery.

The IVUS measurement index was as follows: the external elastic membrane area (EEMA), lumen area (LA), plaque area (PA), maximal diameter of the plaque (D~max~), and minimal diameter of the plaque at the opposite side (D~min~) of the pathological site and reference site. The eccentricity index (EI), plaque burden (PB), and remodeling index (RI) were calculated according to the formulas: EI=(D~max~-D~min~)/D~max~, PB=PA/EEMA×100%, and RI=EEMA at the pathological site/mean EEMA of the proximal and distal parts of the reference site. EI\>0.5 was defined as eccentric plaque; RI=0.95-1.05 was defined as nonremodeling; RI\>1.05 was defined as positive remodeling; and RI\<0.95 was defined as negative remodeling. The plaques were classified according to their echo characteristics as follows: *1*) lipid plaque, with a plaque echo less than that of the adventitia, has a low echo or anechoic area; *2*) fibrous plaque, with a plaque echo similar to that of adventitia; *3*) calcified plaque, with a plaque echo greater than that of adventitia, and accompanied with a sound shadow behind the plaque; and *4*) mixed plaque, with the characteristics of the plaques mentioned above. Plaque rupture is characterized by a plaque fissure connected with the lumen and with a residual fibrous cap seen on the plaque. The ultrasound character of a thrombus is that of a crumbling echo in the lumen, which is stratiformed or leafy. When blood flows in the vessel, a thrombus appears as a shining crumbling echo ([@B08]). The IVUS images were observed by 2 operators independently, and the combined results are reported in this study.

Assay of serum inflammatory factors
-----------------------------------

Serum hs-CRP, MCP-1, RANTES, and fractalkine were examined with kits according to manufacturer instructions. The hs-CRP kit was purchased from Sigma Co. (USA). The MCP-1, RANTES, and fractalkine kits were purchased from Beijing Rui Xiang Biotechnology Co., Ltd. (China).

Monocyte chemotactic function assay
-----------------------------------

Five milliliters of blood were drawn and heparin sodium (30 U/mL) added. The blood was diluted with Hank\'s solution (pH ∼7.0-7.2) in the ratio of 1:1. The diluted blood and lymphocyte separation solution were further diluted at a volume ratio of 3:1 and were centrifuged for 10 min at about 300 *g*. A narrow belt of a white cloudy layer including lymphocytes and monocytes in the upper and middle interface was absorbed and was washed twice with Hank\'s solution. Platelets were removed and 10% fetal bovine serum (0.5 mL/mL) was added to suspend the cells again. A cell suspension of 0.5 mL was removed and an equal amount of 0.1% trypan blue dye was added to detect the viability of the cells. In the experiments, the purity of mononuclear cells was 90% with a yield of 85% and a living cell rate of 90%.

Monocyte chemotactic function was tested using a 12-well Transwell chamber (Beijing Lab Scientific Company, China) that was mainly composed as follows: the top plate with the upper side, the chemotaxis membrane in the middle, and the lower plate with the lower side, forming the upper and lower chambers, respectively. The chemotaxis membrane between the two chambers was a nitrate cellulose microporous filtering membrane (aperture=8 μm, diameter=13 mm). A monocyte suspension (0.2 mL) was added to the upper chamber, and 0.5 mL monocyte culture solution (Hanks\' solution with 10% fetal bovine serum) was added to the lower chamber. Before the samples were added, the chambers were maintained at 37°C for 30 min and degassed, and the membrane was clamped with fixator. After the samples were added, the chambers were maintained in a 37°C incubator with 5% CO~2~ for 2 h. The chambers were then taken out and the fixator relaxed. The membrane was stained with hematoxylin and eosin and monocytes were counted by drawing a grid in the dyed membrane. After the mobile monocytes were detected under low power, the total cell number was counted in 5 random visual fields under high power and reported as a value divided by 10 high-power field values, and each sample was repeated 3 times.

Assay of MCP-1, RANTES, and fractalkine mRNA with real-time PCR
---------------------------------------------------------------

An iScript RNA extraction kit was employed (Fermentas Co., USA) to extract total RNA in the monocytes. Absorbance at 260 nm (A~260~) and A~280~ were examined with a UV spectrophotometer, and A~260~/A~280~ was calculated to evaluate the purity of the RNA. RNA concentration was calculated according to the formula: RNA concentration (μg/µL)=A~260~×dilution ratio×40/1000 (μg/µL).

An iScript cDNA synthesis kit was employed to carryout RNA reverse transcription. Two micrograms of RNA were added to diethyl pyrocarbonate (DEPC) water to a volume of 20 µL, and 3 µL of 5× supermix including dNTP, oligo(dT), and 2 µL transcriptase was added, so the total volume was 25 µL. In the PCR amplifier, reverse transcription was performed at 25°C for 10 min, 42°C for 10 min, and 25°C for 10 min.

Three microliters of cDNA were taken from the total 25 µL cDNA for RT-PCR. Amplification was performed in an RT-PCR amplifier, under the following cycling conditions: 90°C 45 s, 50°C 60 s, 65°C 20 s repeated 30 times. The primer sequence was the following: MCP-1 upstream primer 5′-CCCGAAGGGTTACCTTTCGGC-3′, downstream primer 5′-GGATTAGGGCGTTACCGGTCG-3′; RANTE upstream primer 5′-CCCGAAGGGTTACCTTTCGGC-3′, downstream primer 5′-CCCCGGCGAAGGAAGTTTCCTT-3′; fractalkine upstream primer 5′-TTCGGGTTGGGTCCAATACCT-3′, downstream primer 5′-TTGGTTCGAGTGCTTGGAACC-3′; β-actin upstream primer 5′-CGTGACCCGTTACCTTAACGC-3′, downstream primer 5′-CAGGCCCTCAGGGTAATCGGC-3′. mRNA expression was determined by the cycling threshold (Ct) rectified by β-actin, namely 2^ΔCt^(ΔCt=Ct of β-actin-Ct of target gene).

Statistical analysis
--------------------

A normal distribution test was applied to all measurement data, and the data accorded with normal distribution are reported as means±SE; skewness data are reported as median. The two groups were compared using a *t*-test. Skewness data of the two groups were compared using a rank sum test. Enumeration data of the two groups were compared using a χ^2^ test. A value of P\<0.05 was considered to be statistically significant.

Results
=======

Results of CAG
--------------

In the SAP group, 20 cases showed one branch of artery occlusion, 31 cases showed two branches of artery occlusion, and 9 cases showed three branches of artery occlusion. In the UAP group, 22 cases had one branch of artery occlusion, 30 cases had two branches of artery occlusion, and 8 cases had three branches of artery occlusion. Comparison between the two groups was not statistically different (P\>0.05).

Results of IVUS
---------------

In the SAP group, 92 plaques were detected. In the UAP group, 90 plaques were detected. The lesions of the SAP patients were mainly fibrous plaques (52.17%) while those of the UAP group were mainly lipid plaques (51.04%). Comparison between the two groups was statistically different ([Figure 1](#f01){ref-type="fig"}, [Table 1](#t01){ref-type="table"}). Comparison of EEMA, PA, EI, and PB between the two groups was statistically different (P\<0.05 or P\<0.01), but the comparison of LA was not statistically different. Comparison of RI between the two groups was statistically different. The SAP group appeared as negative remodeling while the UAP group appeared as positive remodeling ([Table 2](#t02){ref-type="table"}). The ratio of ruptured plaques in the UAP group was about 70.83%, which was statistically different when compared with the SAP group (P\<0.01; [Table 1](#t01){ref-type="table"}).

![Intravascular ultrasound imaging of the stable (SAP) and unstable (UAP) angina pectoris groups. *A*, SAP group. Eccentrically-distributed fibrous plaques appeared with enhanced echo. *B*, UAP group. Eccentrically-distributed lipid plaques appeared with low echo.](1414-431X-bjmbr-48-02-00161-gf001){#f01}

Level of inflammatory factors in serum
--------------------------------------

Serum levels of hs-CRP, MCP-l, RANTES, and fractalkine in the UAP group were significantly higher than those in the SAP group (P\<0.01; [Table 3](#t03){ref-type="table"}).

Monocyte chemotactic activity
-----------------------------

Monocyte chemotactic activity in the UAP group was remarkably enhanced and the mobile number was greater than that in the SAP group. The total number of monocytes in all 5 high-power fields was 137±26 and 58±11, respectively, which was statistically different (P\<0.01; [Figure 2](#f02){ref-type="fig"}).

![Chemotactic activity of monocytes detected by Transwell chamber assay was at a low level in the stable angina pectoris group (*A*) and was significantly enhanced in the unstable angina pectoris group (*B*). Scale bar: 50 μm.](1414-431X-bjmbr-48-02-00161-gf002){#f02}

mRNA expression of MCP-1, RANTES, and fractalkine in monocytes
--------------------------------------------------------------

mRNA expression of MCP-1, RANTES, and fractalkine in the UAP group was significantly greater than in the SAP group (P\<0.05; [Table 3](#t03){ref-type="table"}).

Discussion
==========

In the present study, IVUS demonstrated that the plaques in UAP patients have the characteristics of vulnerable plaques, i.e., eccentrically distributed lipid plaque. PB increased significantly and the pathological arteries showed positive remodeling. Plaque rupture rate increased significantly. Comparing the chemotactic activity of monocytes in UAP patients with that in SAP patients, we found that chemotactic activity and the quantity of monocytes in the former group increased significantly compared with the SAP patients. This result indicated that chemotactic activity of monocytes was closely related to the stability of the plaques. The activity of inflammatory factors in the serum indicated that hs-CRP, MCP-1, RANTES, and fractalkine in UAP patients increased significantly, which was statistically different compared with the SAP patients. This result suggested that there was active inflammation in the plaques of UAP patients. MCP-1, RANTES, and fractalkine are not only the factors that enhance chemotactic activity in monocytes, but are also markers of plaque instability. Using molecular biological detection of MCP-1, RANTES, and fractalkine, we found that MCP-1, RANTES, and fractalkine mRNA expression in the UAP group was remarkably higher than in the SAP group, which further indicated that chemokines played a key role in plaque instability.

Chemokines played a pivotal role in the pathogenesis of AS. The subendothelial invasion of leukocytes in the blood is regulated by chemokines, and increasing attention has been paid to the role of chemokines in the inflammation of plaques ([@B09],[@B10]). Chemokines are grouped into 4 types: CXC chemokines (α-chemokines), CC chemokines (β-chemokines), C chemokines (γ-chemokines), and CX3C chemokines (δ-chemokines) ([@B11],[@B12]). The rupture of vulnerable plaques in AS and thrombosis is the main mechanism of ACS, and the vulnerability of the plaques is the initiating factor of those processes. Further investigation of the mechanism of plaque vulnerability, to transform the vulnerable plaque into a stable state, would be an important way to prevent ACS. A recent study suggested that MCP-1 (CCL2/CCR2), RANTES (CCL5/CCR5), and fractalkine (CX3CLl/CX3CRl) secreted by vascular endothelial cells, smooth muscle cells, and platelets, etc., are most closely associated with the initiation and progression of AS plaque ([@B13]).

The stability of AS plaques has been investigated by researchers around the world using IVUS. Sillesen et al. ([@B14]) reported that plaques with thin fibrous caps and large lipid cores were easy to rupture when using IVUS. Purushothaman et al. ([@B15]) compared ruptured and nonruptured plaques in the same artery in ACS patients with IVUS and found that the ruptured plaques showed obvious irregularity and the artery appeared to have positive remodeling. Ueda ([@B16]) found that the plaques in unstable angina were mainly irregularly distributed lipid plaques with positive vascular remodeling. By comparing IVUS, serology, and molecular biology of SAP patients with those of UAP patients, we evaluated the general mechanisms underlying vulnerable plaques: *1*) the levels of hs-CRP, MCP-1, RANTES, and fractalkine in the serum are sensitive markers for observing the conditions in UAP patients; *2*) unstable plaques show irregularly distributed lipid plaques with low echo and have a larger PA and obvious positive remodeling; and *3*) mRNA expression of MCP-l, RANTES, and fractalkine in UAP patients increases significantly, which promotes inflammation and further leads to the formation of vulnerable plaques ([@B17],[@B18]).

MCP-1 is the first CC chemokine identified by cloning. A study suggests that the binding of MCP-1 to its receptor CCR2 plays an important role in the initiation and progression of AS ([@B19]). Lee et al. ([@B20]) fed mice deficient in LDL receptors and MCP-1 with a high-cholesterol diet and reported that the level of total cholesterol and every kind of cholesterol were the same in LDL receptor/MCP-1 gene-deficient mice and LDL receptor gene-deficient/wild MCP-1 mice. However, the lipid disposition in the former group was 83% of that in the latter group, and very little macrophage infiltration was observed in LDL receptor/MCP-1 gene-deficient mice. Apart from regulating monocyte adhesion and migration into the arterial wall, MCP-1 regulates chemotaxis and promotes proliferation of smooth muscle cells. It also triggers tissue factor generation and is involved in the development of AS directly or indirectly.

Fractalkine belongs to the group of CX3C chemokines and binds to its receptor CX3CRl to play a significant role in inflammation. A recent study suggested that fractalkine/CX3CRl was closely related to the initiation and progression of AS. Feig et al. ([@B21]) found that gene expression of fractalkine existed in human atherosclerotic plaques and was highly associated with the macrophages within the plaques. Correa et al. ([@B22]) reported that fractalkine led to vascular smooth muscle cell dysfunction by promoting chemotaxis and migration of monocytes, inducing superoxide anion generation and reducing NO secretion, which predisposed to AS. Nozue et al. ([@B23]) found that fractalkine gene expression in patients with coronary artery disease increased dramatically, which could be attenuated by employing statin drugs.

RANTES belongs to the CC chemokine group and binds to CCR5, acts on monocytes, T-cells, and eosinophils, and drives them into the endothelium to promote AS. Zernecke et al. ([@B24]) found that RANTES mRNA expression existed in human atherosclerotic plaques. Sun et al. ([@B25]) showed that RANTES mRNA expression in monocytes increased dramatically in patients with hyperhomocysteinemia and that RANTES was the important chemokine in promoting AS.

In summary, the present study suggested that chemokines such as MCP-1, RANTES, and fractalkine promoted the instability of coronary atherosclerotic plaques. These findings provided further insight into the role of chemokines in regulating the stability of atherosclerotic plaques and suggested that inhibiting the activity of chemokines such as MCP-1, RANTES, and fractalkine might be of therapeutic value for the treatment of atherosclerosis.
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